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[1] Changes in El Niño–Southern Oscillation (ENSO) variability are difficult to extract from paleoceanographic
reconstructions because they are superimposed on changes in seasonal variability that modulate the first-order
climate signal. Here we address this problem by reconstructing thermocline structure from a marine sediment core
retrieved from the eastern equatorial Pacific. At the core location, changes in hydrologic parameters within the
thermocline are linked to ENSO activity, with a reduced influence of seasonal variability compared to surface
waters. We performed repeated isotopic analyses (d18O) on single specimens of the thermocline-dwelling
planktonic foraminifera Neogloboquadrina dutertrei at several targeted time periods over the last 50 ka to extract
the total thermocline variance, a parameter supposed to reveal changes in ENSO. No fundamental changes in
amplitude and frequency of the events were detected despite differences in climatic background. However, our data
suggest that long-term variations in the thermocline variability occurred over the last 50 ka, with the highest and
lowest ENSO activities occurring during the last glacial period and the Last Glacial Maximum, respectively.

Citation: Leduc, G., L. Vidal, O. Cartapanis, and E. Bard (2009), Modes of eastern equatorial Pacific thermocline variability:

Implications for ENSO dynamics over the last glacial period, Paleoceanography, 24, PA3202, doi:10.1029/2008PA001701.

1. Introduction

[2] El Niño–Southern Oscillation (ENSO) is an interan-
nual climatic phenomenon originating in the tropical Pacific
Ocean and is due to disturbances in the Walker atmospheric
circulation [Rasmusson and Carpenter, 1982]. At the onset
of El Niño events, trade winds weaken and induce the east-
ward migration of deep atmospheric convection sites nor-
mally localized above the Western tropical Pacific warm
pool. In the eastern equatorial Pacific (EEP) the thermocline
deepens and Sea Surface Temperatures (SST) show positive
anomalies of several degrees [Rasmusson and Carpenter,
1982]. ENSO has worldwide repercussions through ocean-
atmosphere interactions and climatic teleconnections [Cane,
1998; Liu and Alexander, 2007; Emile-Geay et al., 2007].
[3] Paleoreconstructions [McCulloch et al., 1996; Corrège

et al., 2000; Tudhope et al., 2001; Koutavas et al., 2002;Moy
et al., 2002; Stott et al., 2002; Koutavas and Lynch-Stieglitz,
2003; Cobb et al., 2003; Martı́nez et al., 2003; Turney et
al., 2004; Cane, 2005; Rein et al., 2005; Koutavas et al.,
2006; Conroy et al., 2008; Pena et al., 2008; Grelaud et
al., 2009] and modeling experiments [Clement et al., 1999,
2001; Otto-Bliesner et al., 2003; Timmermann et al., 2005;
Otto-Bliesner et al., 2006; Timmermann et al., 2007; Brown
et al., 2008; Zheng et al., 2008] attempting to reconstruct
past changes in ENSO have indicated a wide range of
potential mechanisms hypothesized to have influenced the
ENSO variability. However, most of these mechanisms

and their impacts on ENSO remain controversial (see, e.g.,
Corrège et al. [2000] versus Moy et al. [2002] for the mid-
Holocene, Koutavas et al. [2002] versus Martı́nez et al.
[2003] for the Last Glacial Maximum (LGM), Stott et al.
[2002] versus Turney et al. [2004] for the Heinrich/
Dansgaard-Oeschger (H/DO) millennial-scale climate var-
iability, etc.)
[4] One cause for conflicting results is that extracting an

unequivocal ENSO variability spectrum in ENSO-sensitive
regions remains difficult since changes in seasonal variability
generate first-order climatic signals [Denton et al., 2005;
Braconnot et al., 2007b; Flückiger et al., 2008; Timm et al.,
2008]. To date, fossil corals remain the best archive for
reconstructing past ENSO variability since they contain both
seasonal and interannual variability [Fairbanks et al., 1997;
Tudhope et al., 2001; Cobb et al., 2003]. The drawback is
that they are restricted in time to several centuries. Theoret-
ically, marine sediment archives can provide valuable infor-
mation on ENSO variability in the past. However, efforts to
identify and separate the effects of seasonal variability from
ENSO are necessary.
[5] In this study, we explored a way of reducing seasonal

overprints inherent in paleo-ENSO reconstructions by
extracting the EEP thermocline variability spectrum in a
marine sediment core. At core site, thermocline variability is
significantly influenced by ENSO (Figures 1 and 2), but
with a secondary role of seasonal variability compared with
surface hydrologic conditions (Figure 2). The planktonic
foraminifera Neogloboquadrina dutertrei lives in the ther-
mocline, making it a suitable species to detect past changes
in the thermocline structure due to ENSO. We performed
repeated isotopic analysis (d18O) on single specimen of
N. dutertrei to extract snapshots of the thermocline variability
spectrum, a parameter assumed to reveal changes in ENSO.
The variances of individual N. dutertrei d18O measurements
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give new insights regarding past changes in the mean state of
ENSO activity (i.e., a mixture of both the amplitude and
frequency of ENSO events).

2. Oceanographic Background

2.1. EEP Hydrology

[6] Surface hydrologic variability at the MD02-2529 core
location is primarily influenced by seasonal variations in
precipitation rates and wind-driven surface currents that are
set up by latitudinal movements of the Intertropical Con-
vergence Zone (ITCZ), while ENSO exerts a limited effect
on surface hydrologic parameters [Linsley et al., 1994; Leduc
et al., 2007]. A sharp thermocline occurs between 30 and
70 m, with a temperature difference larger than 10�C
(Figure 2a). The halocline separates surface waters with
salinities lower than 33 psu from subsurface waters with
salinities higher than 35 psu (Figure 2a). The combined
temperature and salinity effects make the EEP the region
with the strongest pycnocline in the world ocean, thus
providing efficient stratification between surface and sub-
surface waters [Fiedler and Talley, 2006]. At the site studied,
the pycnocline has remained stable for the last 90 ka, despite
abrupt variations in the Central American monsoon that
affected surface hydrologic changes (see supplementary
information in the work by Leduc et al. [2007]).
[7] EEP subsurface waters are bathed by the eastern end

path of the Equatorial Undercurrent (Figure 1), with full
seasonal amplitudes in temperature and salinity variations up

to �4�C and �2 psu, respectively (Figure 2a) [Fiedler and
Talley, 2006]. The interannual temperature variability of the
thermocline is larger than 4�C at the core location (Figure 1),
with +2 to +3�C temperature anomalies averaged over
El Niño years (�0.5 to�2�C over LaNiña years) (Figure 2c),
indicating that foraminifera living within the thermocline
are impacted by ENSO variability. Thermocline variability is
slightly amplified at the MD02-2529 core location because it
is located at the edge of the Costa Rica Dome (CRD), known
to expand and contract in size with ENSO activity (Figure 1)
[Fiedler, 2002].

2.2. N. dutertrei as a Recorder of Thermocline
Variability

[8] In the EEP region, a series of field studies have pro-
vided insight regarding the vertical distribution of planktonic
foraminifera and their corresponding stable isotopic ratios
[Fairbanks et al., 1982] (Figure 2d), as well as the seasonal
variability of planktonic foraminifera fluxes [Thunell et al.,
1983] and their stable isotopic signatures [Curry et al.,
1983]. The entire N. dutertrei inventory indicates a living
depth range from the surface to waters deeper than 200 m,
with an associated increase in d18O signatures. For this
reason, a large scattering in individual N. dutertrei d18O
signature is awaited because of habitat depth. However,
maximum N. dutertrei abundance is found within the
thermocline (Figure 2d; note the logarithmic scale [Fairbanks
et al., 1982]), i.e., where maximum interannual temperature
anomalies are found (Figures 1 and 2c). This ecological
preference is supported by Mg/Ca measurements performed
on N. dutertrei from marine sediments retrieved in the
Galapagos region, where core top temperatures are
consistent with the present-day thermocline temperature
[Pena et al., 2008].
[9] The reason for N. dutertrei subsurface ecological

preference is linked to the subsurface chlorophyll maximum
[Fairbanks et al., 1982], which is set up by the pycnocline
where a close association between phytoplanktonic and
zooplanktonic communities develops [Fairbanks and Wiebe,
1980]. Strong thermocline structure changes linked to ENSO
variability do not alter the depth of the pycnocline since the
halocline is poorly altered by ENSO variability [Fiedler and
Talley, 2006], suggesting that the depth of the chlorophyll
maximum and hence N. dutertrei habitat is not strongly
altered by ENSO variability.

2.3. Link Between Hydrologic Conditions Recorded
by N. dutertrei d18O and Thermocline Variability

[10] The d18O measured on foraminifera tests is a function
of both temperature and the d18O of seawater (d18Osw), the
latter being linearly related to salinity (see Fairbanks et al.
[1982] and Benway and Mix [2004] for the regional salinity/
d18Osw relationship). In Figure 3a, the d18Osw and water
temperature evolution at a water depth of 50 m at the MD02-
2529 core location are compared for the period from 1980
to 2000 A.D. in order to evaluate the effect of ENSO
variability on subsurface hydrology. During the peak of El
Niño warm events, the temperature effect (�8�C) on the
d18O of calcium carbonate at equilibrium is larger in
magnitude in a fourfold range than the d18Osw (�0.25%)
(Figure 3a). Both parameters act together to enhance the

Figure 1. Map of the standard deviation for the annual
mean temperature at 30 m depth (i.e., a record of interannual
temperature variability at this depth). Data are from the
WOA01 database [Conkright et al., 2002]. Also shown is the
MD02-2529 core location, the mean Costa Rica Dome
location [Fiedler, 2002], and the main undercurrent paths
derived from the Equatorial Undercurrent (EUC).
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response of the expected d18O of the N. dutertrei signal,
avoiding the need to disentangle the temperature and salinity
effects on calcium carbonate d18O (Figure 3a). When the
expected d18O of calcite at 50 m depth is computed for this
time interval with the data set shown in Figure 3a, its
temporal variability for the 1980–2000 A.D. period is

significantly correlated to the Southern Oscillation Index
(SOI), with a level of significance higher than 99% (r2 =
0.27, n = 252) (Figure 3b). When the 3-month lag in
thermocline variability with respect to the SOI is corrected,
the correlation is even enhanced (r2 = 0.35, n = 249). The
lag reflects the ‘‘delayed oscillator’’ conceptual model that

Figure 2
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explains the oscillatory nature of ENSO, and is illustrated
by the thermocline response lag with respect to the atmo-
spheric signal in Figure 3b (e.g., see the review of Wang
[2001] for a detailed description of this process).

[11] N. dutertrei has already been successfully used to
reconstruct past EEP upper water column thermal structure
[Patrick and Thunell, 1997; Faul et al., 2000; Spero et al.,
2003; Pena et al., 2008]. In order to extract the entire
hydrologic variability range for several targeted time slices,
we performed repeated analyses of d18O on single planktonic
foraminifera specimens, as it has been done by Billups and
Spero [1996] and Koutavas et al. [2006]. Our expectation
was that individual d18O measurements ofN. dutertreiwould
provide an efficient strategy for extracting the full thermo-
cline variability range, that ultimately represents a snapshot
of ENSO activity for various time slices. Sedimentation rates
ranging from 13 tomore than 20 cm ka�1 in coreMD02-2529
reduced the bioturbation effect [Bard, 2001].

3. Analytical Procedure

[12] The MD02-2529 sediment core (08�12.330N,
84�07.320W, 1619 m water depth) was collected using the
Calypso corer aboard the French R.V. Marion Dufresne in
June 2002 during the IMAGES VIII/MONA campaign (the
campaign was dedicated to the study of the Northwestern
America Margin). We performed repeated analyses on single
specimens of N. dutertrei from the MD02-2529 core which
has a well-established stratigraphy [Leduc et al., 2007].
Approximately 80 single N. dutertrei specimens were ana-
lyzed for several targeted time slices spanning the last 50 ka
(i.e., during the Holocene, the Last Glacial Maximum,
Dansgaard-Oeschger interstadials 8 and 14, and Heinrich
events 1 and 4). For stable isotopic measurements, N.
dutertrei were selected from the > 250 mm size fraction with
tests weights ranging from �40 and 60 mg. Samples were
subjected to a reaction with H3PO4 at 70�C and the evolved
CO2 was analyzed using a Finnigan Delta Advantage mass
spectrometer at CEREGE. Stable isotopic ratios are reported
in % relative to the Vienna Peedee belemnite standard,
with d18O = [(18O/16Osample/

18O/16Ostandard) � 1]1000.
Analytical precision was better than ±0.05% (±1s) for the
d18O on the basis of repeated analyses of a National Bureau
Standard (NBS-19) limestone standard.
[13] The MD02-2529 age model is based on radiocarbon

measurements performed on planktonic foraminifera for the
last 40 ka, and on benthic isotopic stratigraphy for the
40–70 ka B.P. time interval (see Leduc et al. [2007] for a
more detailed description of the age model). In a previous

Figure 2. (a and b) Monthly hydrologic records of the upper 200 m depth at core location compared to (c) the annual
temperature anomalies associated with ENSO dynamics at the MD02-2529 core location and (d) the ecological
characteristics of N. dutertrei. Temperature and salinity were extracted from the WOA01 database [Conkright et al., 2002]
(Figure 2a). The values of d18O calculated for the seawater and for the CaCO3 at equilibrium are based on the same data set
(Figure 2b). To convert the salinity to d18Osw, we used the d

18Osw-salinity relationship (d
18Osw (%) = 0.253S (psu)� 8.52 for

the upper 40 m water depth and d18Osw (%) = 0.471S (psu) – 16.15 for the 40–200 m water depth interval [Benway and Mix,
2004]). The d18OCaCO3 was calculated using the paleotemperature equation of O’Neil et al. [1969] (T (�C) = 16.9 – 4.38
(d18OCaCO3� d18Osw) + 0.1 (d18OCaCO3� d18Osw)

2). Figure 2c shows annual temperature anomalies for the years of El Niño
or La Niña during the 1950–2004 period according to the census list of El Niño and La Niña years (http://ggweather.com/
enso/years.htm). The arrow indicates by howmuch the d18O of calcite will be impacted by temperature anomalies at the depth
of the thermocline. Figure 2d shows expected d18OCaCO3 at equilibrium (black curve) compared to the d18O measured for
N. dutertrei (dots) and to vertical distribution of living N. dutertrei in the Panama Basin (in specimens per 1000 m3 (gray
shaded histograms); note the logarithmic scale) [Fairbanks et al., 1982].

Figure 3. (a) Temporal variations of hydrologic para-
meters at 50 m water depth at the core location compared to
(b) the Southern Oscillation Index (SOI) for the 1980–
2000 A.D. period. Figure 3a shows temperature (black curve)
and calculated d18Osw values from salinities with the d18Osw/
salinity relationship described in Figure 2 (green curve). The
arrow gives an approximation of the temperature and the
d18Osw impact on d18OCaCO3. Figure 3b shows expected
d18OCaCO3 at equilibrium calculated using the data set shown
in Figure 3a (red curve) and compared to the SOI (black
curve). Hydrologic data are from NCEP/NCAR reanalysis
(http://iridl.ldeo.columbia.edu/). Major El Niño and La Niña
events for this time period are indicated by red and blue,
respectively.
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study it was demonstrated that the d18O of the surface-
dwelling planktonic foraminifera species Globigerinoides
ruber recorded changes in the hydrologic cycle, which were
linked to changes in ITCZ dynamics and related moisture
transport across Central America that acted to amplify the
G. ruber isotopic response at the coring site [Leduc et al.,
2007]. Since these changes occurred in concert with
Heinrich/Dansgaard-Oeschger events, the d18O of G. ruber
was used as a stratigraphic tool for identifying times for
rapid climate changes in the sedimentary sequence. Down-

core measurements were performed over the last 70 ka at a
centennial time resolution using 2 to 3 specimens (Figure 4).
Then, several targeted time intervals were chosen for
repeated analysis on N. dutertrei single specimen (Figure 4).
Approximately 60 to 90 specimens were picked from a 1-cm-
wide sediment sample, except for the Holocene and for the
marine isotope stage (MIS) 2 time slices where there were
not sufficient N. dutertrei found to produce data sets from a
1-cm-wide sediment sample (Table 1). For these time slices
we performed measurements on wider sedimentary intervals,

Figure 4. Temporal variations in d18O measurements performed on multiple specimens of G. ruber (red
curve [Leduc et al., 2007]), N. dutertrei (black curve, this study), and C. wuellerstorfi (green curve [Leduc
et al., 2007]) over the last 70 ka. Arrows localize the time slices chosen for repeated analyses of individual
N. dutertrei. LHOL, late Holocene; EHOL, early Holocene; H1, Heinrich event 1; LLGM, late Last Glacial
Maximum; ELGM, early Last Glacial Maximum; DO8, Dansgaard-Oeschger interstadial 8; H4, Heinrich
event 4; and DO14, Dansgaard-Oeschger interstadial 14. Marine isotopic stages are labeled at top of the
plot.

Table 1. Sedimentary and Statistical Results for Each Time Slicea

LHOL EHOL H1 LLGM ELGM DO8 H4 DO14

Approximate age (ka) 1.5 7 16.5 19.4 23.6 38.9 39.6 52.1
Sedimentation rate (cm ka�1) 44 29 17 15 15 16 16 13
Sample interval width (cm) 4 5 1 3 9 1 1 1
Integrated time (years) 91 172 59 200 600 62 62 77
Number of individual analysis 81 72 67 67 70 88 76 89
Total d18O range 1.75 1.72 1.52 1.62 1.60 1.99 2.10 1.94
Mean d18O –0.33 0.18 0.85 1.19 1.36 0.73 0.81 0.45
s d18O 0.38 0.36 0.34 0.32 0.35 0.41 0.42 0.47
sT d18O (Jackknife) 0.066 0.065 0.065 0.063 0.065 0.066 0.069 0.071

aSee text for details on statistical methods. LHOL, late Holocene; EHOL, early Holocene; H1, Heinrich event 1; LLGM, late Last Glacial Maximum;
ELGM, early Last Glacial Maximum; DO8, Dansgaard-Oeschger interstadial 8; H4, Heinrich event 4; and DO14, Dansgaard-Oeschger interstadial 14.
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ranging from 3 to 9 cm. A synthesis of the individual analyses
is reported in Table 1.
[14] Since the number of individual N. dutertrei d18O

samples analyzed varies among the time intervals studied,
we utilize a Jackknife statistical technique to estimate the
degree of precision attained using an estimation of d18O
population variance [Schiffelbein and Hills, 1984]. Such an
estimation is based on the following equation that measures
the total precision of the calculated standard deviation (SD)
in one population:

s2
T ¼ s2

m þ s2=n
� �

where sT is the total d18O variance precision, sm is the
analytical SD of d18O measurements given by the machine’s
precision (0.05 in our case), s is the calculated SD for the
d18O measurements, and n is the number of individuals
analyzed. The sT was computed as a function of the number
of foraminifera analyzed, assuming a SD with values of 0.3,
0.4, and 0.5, bracketing the range of SDs for our time slices,
see Table 1 and the discussion below (Figure 5). Considering
the ranges of n and s in our study, the estimation of sT
indicates that the precision for the d18O SD is better than
0.1% for all time slices (at a 90% level of confidence), that
increasing the number of individual measurements would
not substantially increase the total precision in our description
of the population, and that the number of individual measure-

ments utilized is sufficient to describe the population within
an acceptable degree of accuracy (Figure 5).

4. Results from Individual N. dutertrei d18O
Measurements Over the Last 50 ka

4.1. Distribution of Individual N. dutertrei d18O
Measurements

[15] Individual N. dutertrei d18O results were compared to
downcore measurements using 2 to 3 specimens in Figure 6a
(see auxiliary material).1 The individual d18O data revealed a
wide range in single test measurements for all time slices
(Figure 6a and Table 1). Histograms of the d18O distribution
indicated that all individual d18O values roughly followed a
Gaussian distribution, even if some bimodality is apparent
from d18O measurements in the early LGM and Heinrich
event 4 (H4) time slices (Figure 6b). For the early LGM, one
explanation for the apparent bimodality is that this time slice
was derived from a subsampling of 4 sedimentary intervals
distant by up to 9 cm in the sedimentary sequence (Table 1).
The H4 also showed some bimodality even if all of the
individual measurements were performed on the same 1-cm-
wide sedimentary interval, with two apparent modes of 0.5%
difference in d18O (Figure 6b). We performed a Shapiro-Wilk

Figure 5. Estimation of total precision on the estimated variance of one population (here N. dutertrei
d18O measurements for one time slice) as a function of the number of individual foraminifera specimens
analyzed. The variances of one d18O population (here 0.3, 0.4, and 0.5 in red, green, and blue, respectively)
and the variance of the analytical procedure (0.05) are given. The range of the population size for all time
slices is indicated as a black bar.

1Auxiliary materials are available at ftp://ftp.agu.org/apend/pa/
2008pa001701.
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test, to test a null hypothesis of a univariate normal dis-
tribution. The probability that the H4 d18O data followed a
normal distribution was only 52%, indicating that part of the
SD linked to step changes in the background climate may
have occurred during this time period. In the following
discussion we assume that individual N. dutertrei d18O
measurements follow a Gaussian distribution in the sta-
tistical tests performed on the entire data sets.
[16] The total range in individual d18O measurements

varied between �1.6% and �2% for MIS2 and MIS3,
respectively, while Holocene values had an intermediate
range (�1.7 to 1.75% (Figure 6a and Table 1)). These ranges
corresponded to temperature ranges of up to 10�C, likely

representing a mixture of seasonal changes in the hydrologic
patterns, vertical distribution of N. dutertrei depth habitat,
and interannual temperature variability linked to ENSO.
[17] The modern seasonal amplitude of the expected d18O

of calcite within the thermocline is larger than 1%, indi-
cating that more than half of N. dutertrei d18O scattering can
potentially be explained by seasonal variability only. How-
ever, we note that more than half of this seasonal variability
is only due to December and January (Figures 2a and 2b).
Without December and January, the seasonality is reduced
to 0.4%. Furthermore, sediment traps from the Panama
Basin have indicated that more than 75% of N. dutertrei
fluxes occur between February and May [Thunell et al.,

Figure 6. (a) Multiple-specimen (curve) and individual specimen (circles) d18Omeasurements performed
on N. dutertrei. Marine isotopic stages are labeled at the top of the plot. (b) Histograms representing the
number of individual N. dutertrei d18O values. Each vertical bar corresponds to the number of results
falling within a 0.1% d18O window; each time slice histogram width is 2.2% (i.e., 22 windows are shown).
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1983]. Over this winter-spring time period, the impact of the
seasonal cycle on N. dutertrei isotopes is greatly reduced
compared to the whole temperature and salinity range occur-
ring over a full seasonal cycle. Some uncertainties inherent
to paleoceanographic reconstruction are linked to past
changes in thermocline seasonality that have influenced
the N. dutertrei isotopes. However, seasonal changes in
the thermocline have likely played a secondary role on the
scattering of the single specimen analyses since the net
seasonal effect may be of a lower amplitude than the net
interannual effect (Figure 3). The method we applied cannot
deconvolve changes in seasonal and interannual thermocline
variability in the past. Yet, thermocline variability linked to
ENSO at the core location is likely to be more sensitive than
thermocline variability linked to seasonal changes over the
February–May time interval (i.e., when N. dutertrei is most
abundant).
[18] The vertical distribution of N. dutertrei indicates

that this species lives from the top to the base of the ther-
mocline, with a corresponding increase in d18O (Figure 2d).
Approximately half of the whole inventory of N. dutertrei
is found between 30 and 50 m, where a d18O gradient of
1% is recorded and reflects the sharp temperature gradient
(Figure 2d). It indicates that more than half of the range of
individual d18O measurements can be explained by the
vertical distribution of foraminifera within the water column.
However, the inventory shown in Figure 2d likely integrates
the entire N. dutertrei size spectrum, with, as an example,
juveniles living in the upper part of the water column. Some
increases in N. dutertrei d18O have also been observed for
increasing test size [Bouvier-Soumagnac and Duplessy,
1985], suggesting that selecting only large N. dutertrei
restricts the biases linked to scattering in the habitat depth.
The Mg/Ca distribution within shells seems to confirm that

N. dutertrei form the inner parts of test walls in surface
waters before migrating downward and adding the final outer
calcite crust [Sadekov et al., 2005]. Since we selected large
tests, we may have reduced the scattering in d18O due to the
vertical distribution of N. dutertrei in the water column.
Given that the amplitude of N. dutertrei d18O ranges for all
time slices were higher than the effects we would have
expected from the influence of seasonal variations and the
vertical distribution within the water column, we conclude
that ENSO has a significant impact on the full N. dutertrei
d18O ranges. Although seasonality and depth habitat contri-
butions cannot be ruled out, in the following discussion it is
assumed that changes in N. dutertrei in past time slices are
primarily driven by ENSO variability, with only secondary
contributions from seasonal and depth effects.

4.2. Temporal Changes in the Mean and the SD
of Individual N. dutertrei d18O Measurements

[19] Temporal variations in the mean for individual d18O
measurements in each time slice were compared to the mean
oceanic d18Osw in Figure 7a. Between the late Holocene and
the LGM, the mean N. dutertrei d18O values increase is
larger than the mean oceanic d18Osw increase because of
variations in continental ice volume (Figure 7a), indicating
decreased temperature or increased salinity in EEP under-
current hydrologic parameters that ultimately impact the
thermocline at the MD02-2529 core location [Pena et al.,
2008].
[20] At the millennial timescale, mean N. dutertrei d18O

values are nearly identical between, for example, Heinrich
event 4 (H4) and the following DO event 8. Since the EEP
undercurrent may integrate a mixture of surface waters
originating from both the North and South Pacific subtropical
gyres [Gu and Philander, 1997], and assuming temperature

Figure 7. (a) Temporal variations of the mean N. dutertrei d18O individual measurements at each time
slice (thin black curve and black dots) as compared to variations in the mean oceanic d18Osw (thick black
curve). (b) Temporal variations of the standard deviation of N. dutertrei d18O individual measurements at
each time slice.
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changes only, the temperature averaged over the whole
subtropical Pacific may not dramatically change in response
to abrupt climatic changes occurring during the MIS3.
[21] Assuming that the SD reflects the population vari-

ability for each time slice, we calculated the temporal
changes in the SD of individual measurements performed
on N. dutertrei in order to assess how thermocline variability
evolved over the last 50 ka (Figure 7b). Long-term trends in
thermocline variability are recorded, with a decreasing SD
tendency from the late Holocene to the late LGM, followed
by a long-term increase until the highest variability is reached
in the early MIS3 time interval that corresponds to the
Dansgaard-Oeschger 14 interstadial (Figure 7b).

5. Past ENSO Activity Deduced From EEP
Thermocline Variability

[22] We now focus on temporal variations in thermocline
instability as deduced from changes in SD likely reflecting
past changes in ENSO activity. A matrix of Fischer F tests
values is provided, giving the probability that thin discreet
time slices are statistically different (Table 2). Our results
suggest that, with the exception of samples with highest and
lowest SD, no statistically significant ENSO changes have
occurred over the time period studied. For example, the late
LGM d18O data set is of lower variability than MIS3 time
slices within the 95% confidence level, the Dansgaard-
Oeschger interstadial 14 time slice is of higher variability
than the late LGM time slice with a probability higher than
99.9%, and the early Holocene and early LGM time slices
are identical within a 90% confidence level (Table 2).
[23] We now compare variations in calculated SDs to

climate records and modeling outputs proposed to influence
ENSO in the literature (Figure 8).

5.1. ENSO Activity Changes During the Holocene

[24] According to Holocene SD values the ENSO activity
during the early Holocene was not statistically lower than
late Holocene ENSO activity (Figure 8), with a probability
that late Holocene SD is larger than early Holocene of 48%
(Table 2). It implies that our data reflect no ENSO increase
between the two time slices. This result contrasts with
previous studies based on modeling experiments [Liu et al.,
2000; Otto-Bliesner et al., 2003, 2006; Zheng et al., 2008;
Brown et al., 2008; Emile-Geay et al., 2007], and paleo-
ENSO reconstructions based on corals [Tudhope et al., 2001;
McGregor and Gagan, 2004], on Ecuador sediments [Moy et
al., 2002; Conroy et al., 2008], on marine and terrestrial
archives in circum-Pacific regions [Donders et al., 2008] and

on individual measurements of surface-dwelling planktonic
foraminifera in the EEP cold tongue [Koutavas et al., 2006].
[25] By using data presented in the study of Koutavas et al.

[2006], the probability that SD changes recorded between
early Holocene and late Holocene data sets are significant
is higher than 99.9%, suggesting that the cold tongue may
be more sensitive to changes in ENSO than the EEP thermo-
cline. Also, one should consider that the data from Koutavas
et al. [2006] are based on G. ruber and may contain a
superimposed signal linked to seasonality changes. In the
cold tongue area, seasonal changes in temperature and
salinity are higher than in the EEP thermocline. Therefore,
we cannot rule out that the method used by Koutavas et al.
[2006] was more subject to variations in the seasonal cycle
(for example, see Lorenz et al. [2006] for seasonality change
in Holocene sea surface temperatures and Braconnot et al.
[2007a, 2007b] for recent diagnostics for change in the low-
latitude hydrologic cycle during the mid-Holocene).
[26] According to modeling by Liu et al. [2000], two

mechanisms may have contributed to a reduction in ENSO
variability from the early to the mid-Holocene. First, an
intensification in the Asian summer monsoon during the
boreal summer [Yuan et al., 2004] leads to an intensified
deep convection in Asia, increased easterly trade winds and
a strengthening in the Walker circulation, helping to de-
crease ENSO activity [Liu et al., 2000; Zheng et al., 2008].
Second, a substantial increase in EEP thermocline temper-
atures (by �0.2�C during the mid-Holocene) may have
reduced the ability of upwelling waters to influence surface
temperatures, and thereby helped to suppress ENSO [Liu et
al., 2000]. Nevertheless, such a small thermocline temper-
ature shift is hard to detect in paleoclimate records, and no
significant thermocline temperature changes were recorded
in the EEP during the Holocene [Pena et al., 2008].
[27] On the other hand, other studies based on narrow

time windows reported stronger ENSO variability during
the early to mid-Holocene than for present-day conditions
[McCulloch et al., 1996; Corrège et al., 2000; Carré et al.,
2005]. Taken at face value, the results mentioned above and
the lack of a clear Holocene SD evolution in our data set
stresses the need for obtaining better time coverage with
these methods.

5.2. ENSO Changes Between the Holocene
and the Last Glacial Period

[28] Our data suggest marginally reduced ENSO activity
during the LGM as compared to the Holocene, with the late
LGM time slice apparently being a period with lowest
ENSO activity (Figure 8). Since no fossil corals are avail-

Table 2. F Test Matrix Giving the Probability That Any Two Time Slices Have Different Variance Estimatesa

LHOL EHOL H1 LLGM ELGM DO8 H4 DO14

LHOL 0 - - - - - - -
EHOL 48.24 0 - - - - - -
H1 70.25 31.08 0 - - - - -
LLGM 90.34 68.77 45.27 0 - - - -
ELGM 52.90 6.15 25.22 64.69 0 - - -
DO8 40.92 76.01 88.13 97.09 78.68 0 - -
H4 55.04 82.83 91.76 98.09 84.81 19.13 0 -
DO14 94.21 98.65 99.51 99.94 98.84 83.74 72.80 0

aProbability is given in percent.
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able for the LGM, little is known regarding ENSO activity
at this time, even if corals from the last glacial period
reported reduced ENSO activity [Tudhope et al., 2001].
[29] Paleo-ENSO simulations under glacial boundary

conditions lead to antagonist results for ENSO activity
during the LGM. While some models report increased
ENSO activity during the LGM [Otto-Bliesner et al., 2003;
An et al., 2004; Peltier and Solheim, 2004], other models
report decreased ENSO activity [Otto-Bliesner et al., 2006].
One recent compilation for simulated changes in ENSO
characteristics at 21 ka B.P. indicates that only two models
recorded significant changes in ENSO variability but with
opposite results [Zheng et al., 2008]. The model with
decreased ENSO activity was the same as that presented by
Otto-Bliesner et al. [2006], namely, the CCSM3 model.
[30] In marine sediments, reconstructions of the back-

ground hydrologic state during the LGM remain controver-
sial, displaying either El Niño–like [Koutavas et al., 2002]
or La Niña–like [Martı́nez et al., 2003] oceanic states.
These divergent conclusions are based on dissimilarities in
amplitude of SST rise over the deglaciation that can be
explained by the different SST estimation methods used in
these studies (see discussion by Rosenthal and Broccoli

[2004]). The marginally lower SD that we report for the
LGM suggests reduced ENSO activity (Figure 8), but cannot
distinguish potential changes in the mean climate state
toward ENSO-like configurations. Moreover, our hypothesis
for reduced LGM ENSO is based only on two time slices
from the LGM, and the F tests results indicate that the
reduced LGM variance does not attain 95% significance
in all cases (Table 2). More studies from corals or from
single-specimen foraminifera d18O could help to confirm
this hypothesis.

5.3. ENSO Changes During the MIS3

[31] According to our data set, ENSO activity did not
respond to rapid climate shifts such as Heinrich events and
DO interstadials, especially when results from H4 and DO8
are compared (Figure 8). This result reinforces the idea that
ENSO variability was not affected by rapid climate changes
over the last glacial period [Leduc et al., 2009]. The highest
ENSO activity was found at the beginning of the MIS3,
during DO interstadial 14 (Figure 8). Therefore some
evidence exists that ENSO activity was higher during the
last glacial period than today. Additionally, the long-term
evolution from higher ENSO variability at the beginning of

Figure 8. (a) Comparison of temporal changes in ENSO variability derived from the d18O SD to reference
climatic curves: (b) abrupt climatic changes in the North Atlantic area as recorded by GISP2 d18O (a proxy
for surface air temperature above Greenland) [Stuiver and Grootes, 2000], (c) the NINO3 index derived
from the Zebiak-Cane ENSO model [Zebiak and Cane, 1987] forced by changes in orbital parameters
[Clement et al., 1999], and (d) variations in mean oceanic d18O (a proxy for variations in continental ice
volume) [Waelbroeck et al., 2002].
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theMIS3 does not indicate a clear influence of continental ice
volume on ENSO, since the highest variability was found
during the last glacial period and not the Holocene (Figure 8).
[32] During periods of abrupt climate changes such as

those for MIS3, the bioturbation of deep-sea sediments by
benthic organisms may have artificially enhanced the scat-
tering of samples by reworking foraminifera tests across
sharp transitions. In the case of MD02-2529, bioturbation
may have had little impact on the distribution of single d18O
measurements performed on N. dutertrei for two reasons.
First, the difference between the mean for d18O measure-
ments in the H4 and DO8 samples is two to three times
lower than the difference between the two modes of the H4
bimodal sample (Figure 6 and Table 1), indicating that the
incursion of foraminifera from the DO8 to the H4 sedimen-
tary interval through bioturbation is unlikely to produce the
bimodality observed in the H4 sample. Second, the d18O
measured on G. ruber (from 5 to 6 individuals) is clearly
marked during this time period by a very sharp transition of
more than 1% (Figure 4), occurring over a 4 cm sediment
depth interval, and bracketing the N. dutertrei H4 and DO8
time slices. Therefore we believe that bioturbation exerts no
significant increase on the SD because of sediment mixing
during sharp transitions over the last glacial period.
[33] Since variations in precession modulate the asym-

metric solar heating North and South of the equator in the
EEP, it has been suggested that variations in precession can
modulate ENSO at orbital timescales [Clement et al., 1999].

Our reconstruction for past ENSO activity does not seem to
correspond to Nino3 model output [Clement et al., 1999]
(Figure 8), again suggesting that under glacial boundary
conditions feedbacks other than insolation may operate and
modulate ENSO activity changes.
[34] Low-latitude speleothem records indicate that the

ITCZ latitudinal migrations were modulated at both millen-
nial and precessional timescales (for example, see Yuan et al.
[2004] andWang et al. [2007] among others). Given that our
data show that neither millennial-scale nor orbital-scale
climatic changes may have modulated ENSO activity
changes recorded during the last glacial period, we suggest
that paleorecords which report southward shifts for the mean
latitudinal position of the ITCZ should potentially not be
interpreted as reflecting more intense El Niño conditions
[Leduc et al., 2009].

5.4. Past Changes in ENSO Asymmetry

[35] Modern-day ENSO variability involves more El Niño
warm phases than La Niña cold phases [An and Jin, 2004], a
feature captured in climatic models [Park et al., 2009].
Nevertheless, modeling results of past ENSO variability
suggest that a relationship exists between the number of
warm events, the number of cold events and the amplitude of
these events, pointing to a rough symmetry involved in the
oscillatory nature of ENSO [Clement et al., 1999]. Similar
rough symmetry for different mean states of ENSO activity
have been found in modeling studies at 6 ka B.P. and for the

Figure 9. Cumulative distribution curves (CDC) of individual N. dutertrei d18O measurements for each
time slice. Refer to Figure 10 in order to interpret the shape of each CDC and for the mechanism needed to
compare time slices. SOI data for the last 20 years are shown for a comparison of symmetry in modern-day
ENSO variability.
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LGM [Otto-Bliesner et al., 2006]. Theoretically, the method
developed in this study has the potential to detect ENSO
asymmetry by examining the asymmetry in the distribution
of d18O measurements. We tentatively investigate with our
data sets if any skewness is recorded in repeated N. dutertrei
d18O measurements that can be interpreted in terms of ENSO
asymmetry.
[36] To compare the isotopic distribution spectra of all

time slices within the same graphic, we adopted the strategy
of Billups and Spero [1996] by plotting the isotopic data as
a function of cumulative distribution (Figure 9; see also
Figure 10 for an illustration of this strategy). The late
Holocene cumulative distribution curves (CDC) that may
have recorded the most recent ENSO activity is relatively
straight (Figure 9). Assuming that the late Holocene time
slice faithfully represents the modern-day ENSO activity as
captured by our method, the sensitivity of the method seems
not to be sufficient enough to detect any degree of ENSO
asymmetry lower or equal to today’s asymmetry.
[37] At first sight, the CDC derived from N. dutertrei

repeated analysis seem to be roughly linear for all time
slices (Figure 9), suggesting that some strong asymmetrical
ENSO variability in the past is unlikely to have been captured
by our method. Further scrutinization of CDCs may suggest
smooth ENSO asymmetry revealed by smooth CDC curva-
tures seen in the LGM time slices, likely revealing potential
skewness in ENSO activity in these data sets. Despite the
potential ENSO skewness increases for the LGM time slices,
the CDCs may suggest that drastic changes in ENSO asym-
metry are rather unlikely for the time slices studied. If the

oscillatory nature of ENSO persisted in the past with more
or less frequent ENSO events that were associated with
more or less amplitude in ENSO events, as CDCs suggest
at first order, then the terminology of ‘‘El Niño–like’’ or
‘‘La Niña–like’’ should be used with care since these terms
could potentially refer to changes in the climate mean state
rather than to asymmetrical responses in ENSO [Rosenthal
and Broccoli, 2004].

6. Conclusions

[38] In this study we reconstructed past ENSO changes by
extracting the entire thermocline variability spectra in the
EEP at targeted time slices, through repeated intrasample
isotopic analyses performed on individual planktonic fora-
minifera. The calibration of this method by comparing core
top sedimentary results to modern-day planktonic forami-
nifera ecological behavior and hydrologic variability dem-
onstrates that the method is powerful for reconstructing the
past hydrologic variability spectra for different time slices,
and that it minimizes the impact of seasonality that may have
generated additional variability in the paleo-ENSO sedimen-
tary records formerly published.
[39] We found some indications that long-term changes in

ENSO activity occurred over the last 50 ka with a minimum
and maximum in ENSO activity occurring during the LGM
and the early MIS3 (DO14), respectively, although the
magnitude was small and often not statistically significant.
The findings provide new benchmarks for paleo-ENSO
modeling analyses, especially for the LGM epoch for which

Figure 10. Conceptual model for interpreting the shape of cumulative distribution curves (CDC) in
terms of ENSO variability (see Figure 9).
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no ENSO activity records are yet available. The results also
indicate that higher ENSO activity may have occurred during
the last glacial period, a result that should be tested by
modeling experiments.
[40] Given the rather small amplitude of reconstructed

ENSO changes, we conclude that ENSO dynamics remained
active throughout the last 50 ka. This does not support a role
for ENSO as a primary driver of climatic variability on a
global scale, nor indicate a drastic impact in its evolution in
response to climate changes. Although our approach did not
allow us to reconstruct ENSO with a time resolution compa-

rable to other paleoclimatic reconstruction methods, we hope
that this work will foster new studies for past ENSO changes
with a special emphasis on variations in seasonality, a
parameter that should be circumvented to accurately recon-
struct ENSO.
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